In contrast to the clear indication for surgical treatment in symptomatic patients with clinically nonfunctioning pituitary adenomas (NFPA), there are no randomized controlled studies comparing therapeutic strategies such as watchful waiting, irradiation or medical therapy for the management of NFPA after surgery. Further, no medical therapy is currently approved for the treatment of NFPA. In this review, we summarize accumulating data on medications currently approved for secreting pituitary adenomas, used off-label in patients with NFPA. Perspectives on overall treatment optimization and potential future therapies are also detailed.
Introduction
Pituitary adenomas are diagnosed as 'nonfunctioning' in the absence of clinical or biochemical evidence of tumor-related hormone excess. Nonfunctioning pituitary adenomas (NFPA) are usually large at diagnosis, presenting with symptoms secondary to mass effects on surrounding tissues, including headaches, visual disturbances and hypopituitarism (1). Surgery is the treatment of choice for decompression of the affected vital structures and rapid symptom amelioration: headaches are resolved in most subjects; visual fields are improved in 80% and full normalization is achieved in up to 40% of patients (2, 3). Although hypopituitarism per se in not an indication for surgery, post-surgical improvement or normalization of pituitary function reaches 30-70% in different series (4, 5, 6).
There are no randomized controlled studies comparing therapeutic strategies such as watchful waiting, irradiation or medical therapy for the management of NFPA after surgery. Further, no medical therapy is currently approved for the treatment of NFPA. In this review, we summarize accumulating data on medications currently approved for secreting pituitary adenomas, used off-label in patients with NFPA. Perspectives on overall treatment optimization and potential future therapies are also detailed.
Accurate pathological diagnosis of NFPA -can it affect treatment strategy or choice of medical therapy?
NFPA comprise a heterogeneous group of lesions, consisting of gonadotropin-secreting tumors, silent adenomas and null cell adenomas (19). The majority belongs to the gonadotroph lineage, based on positive immunostaining for β-LH and β-FSH, or, rarely, by the detection of intact gonadotropins or their subunits in the peripheral blood (20) . The vast majority of gonadotropin-secreting tumors is silent, presenting with symptoms related to mass effect (21). Rarely, excessive tumoral FSH secretion may cause menstrual abnormalities and symptoms characteristic of ovarian hyperstimulation syndrome in pre-menopausal women (22). FSH-induced testicular enlargement (23) and LH-induced testosterone hypersecretion (24) are the additional rare presenting symptoms of functioning gonadotropin-secreting tumors.
Approximately 15% of NFPA arise from other anterior pituitary cells, synthesizing hormones that are detected by immunohistochemistry, but are not significantly secreted, and as such are classified as silent tumors (21). Finally, 44.4% of over 2000 specimens from the German Pituitary Tumor Registry were classified as null cell adenomas, based on negative immunostaining for all anterior pituitary hormones (25). Using cytogenetic markers, Nishioka et al. recently demonstrated that truly null cell adenomas are in fact rare (26). In the initial routine analysis of 516 NFPA, 58.1% were classified as gonadotropin-secreting adenomas, 9.9% were silent corticotroph adenomas, 8.9% were grouped as other silent tumors (positive staining for GH, prolactin (PRL) or TSH), and 23.1% stained negative for all hormones. Following staining with antibodies to specific transcription factors including steroidogenic factor-1 (SF-1), estrogen receptor-α (ER-α), pituitary specific transcription factor-1 (Pit-1) and t-box transcription factor (Tpit), 66.4 and 26.9% of these initially negative tumors were reclassified as belonging respectively to the gonadotroph and the corticotroph lineages (26). Two samples were found to belong to the Pit-1 lineage, and only 6 cases (5%) retained the initial diagnosis of null cell adenomas. ACTH-negative, Tpit-positive adenomas had identical clinical features to the ACTH-positive silent corticotroph adenomas in this series, with significant female preponderance, and a higher frequency of giant adenomas and marked cavernous sinus invasion, as compared with gonadotroph-secreting tumors (26).
An accurate pathologic classification is important for risk stratification. Silent corticotroph adenomas (27), as well as silent type 3 adenomas (28), now recognized as poorly differentiated monomorphous plurihormonal Pit-1 lineage adenomas (29), have been generally found to exhibit a more aggressive biological behavior, therefore requiring a more careful follow-up or perhaps a more active therapeutic approach. Further, plurihormonal adenomas were found to have a significantly higher rate of tumor progression after surgery (80%) in comparison with gonadotropinomas (34%) (30).
Another question to be explored is whether silent adenomas may respond to treatment in a similar way to their lineage specific functional counterparts. The somatostatin and dopamine receptor expression profile of these silent tumors have not been well characterized. In one study, somatostatin receptor (SSTR)1 mRNA expression was 17-fold higher and SSTR2 mRNA expression was 5-fold higher in silent corticotroph adenomas in comparison with ACTH-secreting tumors (31). On the other hand, SSTR5 mRNA was 15-fold higher in the functional ACTHsecreting tumors compared with the silent adenomas (31), suggesting that the latter may not be good candidates for pasireotide treatment. One silent ACTH tumor that responded to cabergoline treatment with substantial shrinkage was found to have dopamine 2 receptor (D2R) mRNA expression similar to that observed in control prolactinomas (32). Data on SSTR protein expression and response to specific receptor ligands is not available for silent adenomas. Therefore, the possible response of silent ACTH or Tpit expressing tumors to pasireotide or of silent GH, TSH or Pit-1 adenomas to preferential SSTR2 ligands remains to be investigated.
Medical therapy as an alternative to conservative follow-up or radiation therapy in NFPA The currently accepted routine postoperative management of NFPA consists of conservative follow-up for most patients, with selective use of radiotherapy (33). Criteria for using either strategy are not well established, although, sensibly, the most aggressive tumors would usually be irradiated in most centers. Both therapeutic options have important drawbacks, which need to be carefully considered:
Conventional radiotherapy has a long record of effectiveness for the postoperative treatment of residual NFPA (10-year actuarial progression-free survival (PFS) of over 90%) (34, 35), but it is associated with a high rate of complications, the most prevalent of which is development of hypopituitarism in over 50% of patients (36). There is also a lower but not negligible increased risk of visual compromise, secondary brain tumors (37), stroke (38) and possibly neurocognitive or neuropsychological impairment.
Modern stereotactic radiotherapy allows delivery of localized irradiation to the tumor, sparing surrounding normal tissue, thus potentially translating into a better safety profile (39). Recent data are disappointing, in which this premise appears not to hold true. A recent multicenter study under the auspices of the North American Gamma Knife Consortium based on over 500 patients (40) confirmed treatment efficacy (actuarial PFS of 95% at five years and 85% at ten years postradiosurgery), but worsening of a preexisting cranial nerve deficit or development of a new deficit was reported in 9.3% of patients, mostly involving the optic nerve (6.6%). Development of hypopituitarism could not be reliably estimated due to a relatively short median follow-up of 36 months. With longer follow-up (median 75 months) the actuarial incidence of new anterior pituitary deficits was 40% at five years and 72% at ten years (41), similar to the reported figures for conventional radiation. Hence, even modern radiotherapy techniques are associated with significant side effects, justifying its judicious use with careful selection of patients that may benefit from this treatment, mainly aggressive tumors with high Ki67 proliferation index, deemed to be at a higher risk for tumor progression (42, 43).
The alternative to radiation therapy would be conservative follow-up with annual MRI imaging for the detection of tumor progression. This strategy is perfectly adequate for patients who underwent gross total tumor removal, and probably also for those left with minimal or very small tissue remnants, in view of their low rate of recurrence (7). On the other hand, passive observation for patients left with more significant tumor volumes after surgery, are associated with high relapse rates of 23.1, 46.7 and 67.9% at 5, 10 and 15 years respectively, as reported by Reddy et al. (11) . This is a poor outcome, considering that many of these patients will require additional surgery and/or radiotherapy, which have been associated with an elevated standardized mortality ratio (SMR) of 1.65 (1.18-2.24) (44) in patients with NFPA. Consequently, medical therapy for the prevention of tumor progression in these patients would be of high clinical significance.
Receptor-targeted medical therapy

Dopamine agonists
DR expression in most NFPA (45, 46, 47), constitutes the basis for their targeting with medical agents. Dopamine agonists (DAs) reduced gonadotropin secretion in vitro (48) and in vivo (49) and inhibited thymidine incorporation in two-thirds of NFPA in vitro (50). Bromocriptine induced tumor shrinkage leading to improvement in visual fields, has been reported in small series (51) and case reports (52) now over three decades old. Nevertheless, the effects were modest in comparison to the exuberant effect seen in prolactinomas, hampering the enthusiasm for its use on a routine basis. We have proposed a conceptual change in the treatment goal for NFPA, in that stabilization and prevention of tumor growth, rather than tumor shrinkage (53) is sufficient in cases without mass effect on vital structures. In our initial small study, treatment of 33 patients with bromocriptine at a mean dose of 8 mg/day achieved tumor control in 78.8% of patients, in comparison to 33.3% in the untreated control group. We have recently published our experience in a larger series of patients, using the long-acting DA cabergoline (54). Seventy-nine patients after partial transsphenoidal resection of NFPA (remnant size >10 mm in 80% of patients) were treated with cabergoline (mean weekly dose: 1.5 mg, range: 0.5-3.5 mg) during a mean period of 8.8 years (range 1-24 years), either following detection of tumor remnant in the first postoperative MRI (n = 55), or when there was already evidence for tumor growth during conservative follow-up (remedial treatment, n = 24). Preventive treatment resulted in overall tumor control in 87.3% of patients (38.2% tumor shrinkage, 49.1% tumor stabilization), in comparison with 46.7% in the untreated control group (n = 60). Further, cabergoline treatment induced tumor shrinkage or restraint of tumor growth in over 58% of patients treated when there was already evidence for active tumor enlargement. The hazards ratio for growth in treatment groups vs control was 0.3 (0.16-0.56). The fifteen-year PFS rate was 0.805 and 0.24 for the preventive and remedial treatment groups respectively, compared with 0.04 in the control group (Fig. 1) . Importantly, the increase in treatmentassociated tumor control detected by imaging translated in improved clinical outcomes, as only 13% of patients in the preventive treatment group required additional surgery or radiotherapy, compared with 42% in the control group (54).
Five small studies (55, 56, 57, 58, 59 ) encompassing 54 patients have reported the use of various doses of cabergoline (1-3 mg/week) during short periods (6-12 months) for the treatment of NFPA patients. Despite the small number of patients in each study and the lack of untreated control groups in most of them, the pooled results indicated tumor stabilization in over 80% of patients, similar to our findings (Table 1) . Taken together, DA treatment to prevent tumor remnant growth after surgery seems superior to the currently practiced expectant follow-up. High dose cabergoline-induced valvular heart disease (60) has not been reported with the lower doses used in endocrine disorders (61), thus reducing safety concerns. Surprisingly, tumor response to DA treatment was not related to DR2 protein or mRNA expression in tumor tissue as examined by immunohistochemistry and quantitative RT-PCR (54). Therefore, the surmise that a lesser response to DA treatment in NFPA compared to prolactinomas derives from lower D2R expression levels (62) could not be confirmed by our findings. Further, the expression of D2R long and D2R short mRNA isoforms in DA resistant prolactinomas was higher than in DA responsive NFPA (54), suggesting that factors additional to D2R abundance are involved in the clinical response to treatment.
Ideally, a prospective randomized control study should be performed to confirm the effectiveness of cabergoline treatment for NFPA. This would be a challenging endeavor in view of the lack of commercial incentive involved in studying a generic drug, the slow growing nature of these tumors and the lack of serum markers to reflect treatment effectiveness that would necessitate a long follow-up. Combined DA and SRL therapy has been proposed based on enhanced receptor activity secondary to D2R and SSTR5 heterodimerization (76) . A somatostatindopamine chimeric compound (BIM-237A760) inhibited thymidine incorporation in 70% of NFPA in culture, but this response was equivalent to that obtained with the D2R agonist cabergoline (50). The clinical experience of combined therapy is very limited (77), precluding adequate efficacy evaluation. 
GnRH receptor agonists and antagonists
GnRH desensitization does not occur under chronic GnRH analog treatment. In fact GnRH analogs cause augmentation of gonadotropin secretion by most tumors, and have no beneficial effect on tumor volume, therefore they are not indicated for the treatment of NFPA (78) . Gonadotropin receptor antagonists have been used in a few patients, leading to suppression of gonadotropin secretion, but no effect on tumor size was noted after 3-12 months of treatment (79 
Investigational therapies
Somatostatin receptor-mediated drug targeting
Peptide receptor radionuclide therapy (PRRT)
PRRT with radiolabeled somatostatin analogs is an important and routinely used modality for the treatment of metastatic gut neuroendocrine tumors (90). The efficacy of this treatment depends on high somatostatin receptor expression, mainly SSTR2 in the tumoral tissue. PRRT has been used so far in four patients with pituitary tumors, with mixed results (91, 92) . Still, this is a conceptually promising treatment option for SSTR expressing progressive pituitary tumors resistant to conventional treatment, and deserves further investigation.
Octreotide-mediated tumor-targeted cytotoxic drug delivery
Potent chemotherapeutic agents such as camptothecin, methotrexate, paclitaxel and doxorubicin have been coupled to SSTR2-preferential somatostatin analogs (93) TcFolate SPECT-CT, thus identifying tumors amenable to folate receptor-targeted therapy (99) .
Targeting of PI3K/AKT/mTOR pathway
The phosphatidyl-inositol 3-kinase/protein kinase B (AKT)/mammalian target of rapamycin (PI3K/AKT/ mTOR) pathway has been found to be overactivated in pituitary adenomas (100, 101). NFPAs have high AKT and cyclin D1mRNA expression levels in comparison with other pituitary tumors (100). Further, high phosphorylated AKT levels were associated with early recurrence of NFPA (102), and the expression levels of the mTOR pathway regulator proteins RAPTOR and RICTOR correlated with tumor size and invasiveness (103) . Therefore, inhibition of PI3K signaling may be a valuable therapeutic target for pituitary tumors and specifically for NFPA (104) . Accumulating in vitro data are encouraging. The mTOR inhibitor everolimus, a derivative of rapamycin, significantly reduced cell viability and promoted apoptosis in NFPA primary cultures (105) . The dual PI3K-AKT-mTOR inhibitor NVP-BEZ235 had antiproliferative effects against NFPA both in vitro and in vivo (106) . Combination treatment with octreotide decreased AKT phosphorylation and conferred sensitivity to NFPA cells resistant to rapamycin monotherapy, and augmented the antiproliferative effect in rampamycin sensitive cells (107) . Unfortunately, the combined use of everolimus and octreotide failed to control an ACTH pituitary carcinoma resistant to TMZ treatment (108) . Although promising in preclinical models, the role of mTOR inhibitors for the treatment of NFPA remains to be established.
Clinical issues beyond local tumor control
Hypopituitarism, repeated surgeries and radiation therapy have all been associated with increased mortality rates and decreased quality of life (QoL) in NFPA patients. Although it is difficult to dissect the individual contributions of these inter-related factors to the adverse outcomes, it is clear that efforts should be made to limit the need for additional invasive interventions with their associated complications, after the initial surgery.
Hypopituitarism
Hypopituitarism is highly prevalent in patients with NFPA, primarily or secondarily to surgery and/or radiation therapy. In a recent large study from two referral centers in England and Ireland, only 17.2% of patients remained with intact pituitary function, whereas 9.9, 24.9 and 47.9% had single or multiple hormone deficiencies and panhypopituitarism respectively (109) . Relative mortality rates increased with the severity of pituitary failure and with the presence of ACTH and gonadotropin deficiencies (RR: 2.56 and 2.26 respectively) (109) . Importantly, increased hydrocortisone (109, 110) , and lower levothyroxine doses were associated with increased risk of death. These findings underscore the importance of striving to achieve the most physiologic replacement regimen possible.
Quality of life
Many (111, 112) but not all studies (113) have found decreased QoL in NFPA patients. In more recent studies although the overall QoL was near normal (114) , single dimensions (energy, depression, sexual activity and vision) were variably affected (113, 114) . Hypopituitarism (112), female gender (112, 113) and unreplaced male hypogonadism (113) were variables associated with worse QoL. Subjects who received radiotherapy, those who had tumor recurrence and patients who underwent repeated surgery scored worse in areas of energy levels and anxiety (113) , underscoring the importance of efficient medical therapies that decrease the need for these interventions.
Mortality
Standardized mortality rate (SMR) is increased in NFPA. In a large cohort from Oxford the overall SMR was 3.6 (2.9-4.5) (115). Data from Denmark (116) and Sweden (116) revealed a significantly increased mortality rate for women (SMR: 1.97 and 1.37 respectively), but not for men. The increased relative rate of death (1.62) in irradiated patients appears to be secondary to hypopituitarism, as shown by multivariate analysis of the data (109) . Improvement in treatment quality (114) and reduction in the prevalence of hypopituitarism (117) 
Conclusions
In the absence of randomized controlled trials comparing therapeutic options for the management of NFPA after surgery, electing the most appropriate treatment for the individual patient cannot be based on the principles of evidence-based medicine. Currently, only data derived from observational studies together with our clinical judgment are available to guide our decisions, with the aim of providing the best 'informed based medicine' to our patients. Based on our recent data, DA treatment emerges as an attractive therapy for patients with clinically significant tumor remnants after surgery, in view of its association with superior tumor control and a lesser need for repeated surgery and radiation therapy, compared with conservative follow-up. Although SSTR2-selective SRLs appear to be of limited therapeutic value for NFPA, SSTR3-selective ligands may prove to be of superior efficacy, based on limited in vitro data. Radiation therapy remains central for the treatment of aggressive NFPA, and TMZ is the first-choice chemotherapy for tumors with relentless growth despite irradiation. PRRT with radiolabeled somatostatin analogs, folate receptormediated drug targeting and inhibitors of the PI3K/AKT/ mTOR pathway are investigational treatment modalities that may prove effective for tumors resistant to the available agents. Finally, optimal hormonal replacement therapy for patients with hypopituitarism is essential to improve QoL and reduce mortality.
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